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In Brief
Time-related learning facilitates efficient
use of resources as observed in mice and
bees. Chouhan et al. now show that
Drosophila can form time-related odor
memories in appetitive conditioning.
They also demonstrate that time-odor
associations in flies require endogenous
rhythms that are independent of
environmental light conditions.
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The circadian clock enables organisms to anticipate
daily environmental cycles and drives corresponding
changes in behavior [1, 2]. Such endogenous oscilla-
tors also enable animals to display time-specific
memory [1, 3–5]. For instance, mice and honeybees
associate the location of a stimulus (like food or
mate) with a certain time of day (time-place learning)
[6, 7]. However, the mechanism underlying time-
related learning and memory is not known. In the
present study, we investigate time-specific odor
learning. We use a genetically tractable animal, the
flyDrosophila melanogaster. Starved flies are trained
in the morning and afternoon to associate distinct
odors with sucrose reward. The training is repeated
the next day, and their time-dependent odor prefer-
ence is tested on the third day. Our results indicate
that Drosophila can express appetitive memory at
the relevant time of day if the two conditioning events
are separated by more than 4 hr. Flies can form time-
odor associations in constant darkness (DD) as well
as in a daily light-dark (LD) cycle, but not when kept
under constant light (LL) conditions. Circadian clock
mutants, period01 (per01) and clockAR (clkAR), learned
to associate sucrose reward with a certain odor
but were unable to form time-odor associations.
Our findings show that flies can utilize temporal infor-
mation as an additional cue in appetitive learning.
Time-odor learning in flies depends on a per- and
clk-dependent endogenous mechanism that is inde-
pendent of environmental light cues.
RESULTS AND DISCUSSION
Drosophila Can Form Time-Odor Associations
Flies were investigated in an olfactory conditioning paradigm.
Appetitive conditioning was chosen because it forms long-
lasting stable memory with a single training cycle [8, 9], whereas
aversive olfactory long-term memory (LTM) in Drosophila
requires multiple training cycles [10]. Flies starved for 14–18 hr
were trained to associate sucrose with different odors at distinct
times of the day. Prior investigations have indicated that flies
show reversal learning when trained with reciprocal odor
sequences in an aversive olfactory learning paradigm [11]. To
test reversal learning in appetitive olfactory conditioning, weCurrent Biology 25, 161trained flies with reciprocal odor sequences at an interval of
6 hr. In both training sessions, the odor presented first was
paired with sucrose (Figure 1A). Wild-type (WT) CantonS (CS)
flies showed robust reversal learning when tested immediately
after reciprocal training. They preferred the odor paired with su-
crose in the last training session (Figure 1B). Yet, the first training
was not without consequences. If flies were tested immediately
after only one cycle of training in the afternoon (A), the memory
scorewas significantly larger than in reversal learning (Figure 1B).
Also, short-term memory (STM) in WT CS flies was comparable
when tested in the morning (M) or afternoon (A), which suggests
that lower memory scores after reciprocal training in the
afternoon is not due to the compromised ability of flies to
perform in the appetitive conditioning paradigm at this time of
day(Figure 1B).
Using the same training protocol, we next tested whether the
memory traces had temporal specificity. The first training
occurred between 7:00 and 10:00 o’clock in the morning (zeit-
geber time [ZT]0–3; ZT0 refers to time of ‘‘lights on,’’ and ZT12
refers to ‘‘lights off’’), and the reversal training occurred in the
afternoon (ZT6–9; 1:00–4:00 o’clock in the afternoon). After,
reversal training flies were kept in empty vials for 1 hr and then
in vials containing standard fly food for 1-hr feeding (Figure 1C).
The same procedure was repeated on the second day. On the
third day, flies were tested in a T maze for preference between
odor A and odor B (Figure 1C). Each group was tested only
once, either in the morning or in the afternoon. To avoid the ef-
fects of spontaneous odor preferences, we switched between
odors A and B for all the steps in the 2-day training procedure.
The mean performance index (PI) in each experiment included
the same number of PIs from sub-trials starting with odor A
and odor B. The PI was calculated with reference to the morning
odor sequence. Hence, a preference for the sucrose-paired odor
of the afternoon training session yielded a negative PI (Figure 1D).
We calculated the change in odor preference across time of day
(D performance index, DPI) as half of the difference between
morning and afternoon PIs in simultaneously trained groups of
flies (Figure 1E). The results clearly show time-specific odor
learning. Flies tested in the morning preferred the odor paired
with sucrose in the morning, and the flies tested in the afternoon
preferred the sucrose-paired odor of the afternoon training
sessions.
The two odors used in these experiments were 4-methylcyclo-
hexanol (MCH) and 3-octanol (OCT). Earlier studies have shown
that olfactory responses of flies to odors undergo circadian
fluctuations [12]. As these remain low during the day and,
most importantly, as we systematically switch between the two
odors for the sucrose pairing, we did not expect these effects
to confound significantly the time-odor learning scores. Yet,9–1624, June 15, 2015 ª2015 Elsevier Ltd All rights reserved 1619
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Figure 1. Time-Odor Learning in Drosophila
melanogaster
(A) Schematic describing the time course of short-
term memory (STM) and reversal learning (RL)
procedures. In both of these experiments, flies
were trained and immediately tested. ZT0 refers to
time of ‘‘lights on,’’ and ZT12 refers to ‘‘lights off.’’
(B) Performance index (PI) was calculated as the
number of flies selecting CS+ odor minus the
number of flies selecting CS odor divided by
the total number of flies. Each PI is the average
of PIs from reciprocal experiments with two
odors swapped, thus eliminating non-associative
effects. CS flies show robust RL when tested
immediately after second training with reciprocal
odor sequence. Also, STM in CS flies tested in
afternoon (A; ZT6–7) is significantly better than RL
(p < 0.001) but is comparable to flies tested in
morning (M; ZT0–1; p > 0.05) (Student’s t test;
n indicates the number of tests with 150–200
flies each).
(C) Schematic describing experimental procedure
for time-odor learning paradigm. Starved flies
were trained for 2 days with appetitive conditioning
and tested on the third day in morning (ZT0–3) or
afternoon (ZT6–9).
(D) Flies express significant appetitive memory
corresponding to morning and afternoon training
sessions. Morning PItest values are positive, and
afternoon PItest values are negative due to the
definition (PItest = (mo  af)/(mo + af) with mo
indicating the number of flies choosing the odor
used as CS+ in the morning and af indicating the
number of flies choosing the odor used as CS+ in
the afternoon; see Experimental Procedures).
There is no significant difference in expression of
time-odor associations between flies trained with
different odor combination (two-factor ANOVA;
post hoc test comparing morning and afternoon
PIs corresponding to specific odor combination)
(E) D performance index (DPI) assesses modification in performance of flies trained in appetitive conditioning paradigm across time of day. It is calculated as half
of the difference between morning and afternoon PItest in concurrently trained groups of flies. There is no significant difference between flies trained with MCH/
OCT and ETA/IAA combination (p > 0.05; Student’s t test).
Numbers in the data bars refer to the number of experiments for the respective PI or DPI measurement. Error bars represent SEMs.we used another chemically dissimilar odor combination, ethyl
acetate (ETA) and iso-amyl acetate (IAA), in the experiment.
WT CS flies tested with ETA and IAA showed a comparable
DPI to flies trained with MCH and OCT (Figures 1D and 1E; Table
S1A). These results suggest that time-odor associations are
independent of odor-specific response fluctuations.
We next assessed the temporal requirements for flies to distin-
guish these odor sequences according to time of day. Flies were
tested with varying time intervals between reciprocal training
sessions. All flies were first trained in the morning between ZT0
and ZT3 and then underwent reversal training after specific
time intervals. WT flies demonstrated robust time-odor learning
with 6-hr rest between two trainings (Figures 2A and 2B; Table
S1B). Increasing the time gap to 8 hr had no significant effects
on the ability of flies to express their odor memories at the right
time of the day. Their PIs in the morning and afternoon tests on
the third day were similar to those of flies trained with a 6-hr in-
terval (Figures 2A and 2B; Table S1B). In contrast, reducing the
rest period to 4 hr (ZT2–3 to ZT6–7) completely abolished the dif-1620 Current Biology 25, 1619–1624, June 15, 2015 ª2015 Elsevier Lference betweenmorning and afternoon PIs (DPI =0.03 ± 0.02;
Figures 2A and 2B; Table S1B). These results suggest that in this
paradigm, flies can learn two temporally distinct events only if
they are separated by more than 4 hr from the first training in
the morning.
These series of experiments indicate that flies like honeybees
[6, 13] can use ‘‘time’’ as an additional associative cue to improve
the efficiency of their food search over the day. Time-odor
learning in flies has several unexpected restrictions. We did not
find time-specific memory if sucrose was paired with the second
odor of the sequence or if the unpaired odor was omitted. We
also showed that a shorter time interval between reciprocal train-
ings than 6 hr rendered flies incapable to learn temporally distinct
events.
WT Flies Show Time-Odor Learning without
Environmental Light Cues
The ability of flies to perform in a time-odor association paradigm
can be based on an ordinal timer (learning a sequence of events),td All rights reserved
A B Figure 2. Interval Duration between Recip-
rocal Trainings Affects Expression of
Time-Related Appetitive Memory
(A) CS flies were first trained between ZT0 and
ZT3 in morning and then with reciprocal training
after specific interval of time. Flies trained in a
time-odor association paradigm with 6-hr (p <
0.001) or 8-hr (p < 0.01) intervals between recip-
rocal trainings demonstrate significant learning
corresponding to morning and afternoon condi-
tioning events. In contrast, a 4-hr (p > 0.05) time
gap between two opposite cycles of training
resulted in a considerably lower time-related
appetitive memory in CS flies (two-factor ANOVA; post hoc test comparing morning and afternoon PIs associated with particular time interval).
(B) Consistent with inability of flies to learn temporal events separated by less than 6-hr time gaps, DPI is significantly better in flies trained with 6-hr
(p < 0.001) and 8-hr (p < 0.01) intervals compared to those with 4-hr time gaps between reciprocal trainings (one-factor ANOVA; post hoc test for DPI
comparison using 4-hr interval as control).
Numbers in the data bars refer to the number of experiments for the respective PI or DPI measurement. Error bars represent SEMs.an interval timer (stop-watch mechanism), or an endogenous
circadian oscillator mechanism [7]. We can rule out the ordinal
timer as a possible mechanism because the sequence did not
differ for the two groups of flies tested in the morning and after-
noon. Could time-odor learning involve an external interval
timer? Such a mechanism would require that flies use a ZT
such as lights on/lights off as a starting point to measure time
intervals. In the above experiments, flies had been reared and
tested in a 12:12 light-dark (LD) cycle. Therefore, the lights-on
event in the morning could be such a ZT. We kept the 12:12
LD cycle conditions for the rearing and the 2 days of training
but then transferred the flies to a dark chamber after feeding
following the last cycle of training. Therefore, these flies
(LD +DD) did not get the lights-on information on the third day
to predict the timing of events. These flies showed the same
time-odor learning as the flies tested under continuous LD con-
ditions. They had positive PIs in themorning and negative ones in
the afternoon, and they had highly significant DPIs (Figures 3A
and 3B; Table S1C).
The results suggest that flies use an endogenous mecha-
nism, probably circadian oscillators for time-odor learning. To
further test this hypothesis, we not only tested flies but also
trained them in constant darkness (DD + DD) and constant light
(LL + LL). The performance of flies kept in DD during trainingA B
with specific environmental condition. Environmental settings for each set of exp
(B) Flies maintained in DD during test (LD + DD; p > 0.05) or during training and te
in time-odor learning as flies kept under LD + LD cycles (one-factor ANOVA; pos
Numbers in the data bars refer to the number of experiments for the respective
Current Biology 25, 161and test was not significantly different from flies trained and
tested under LD cycles (Figures 3A and 3B; Table S1C). In
contrast, flies trained and tested in LL demonstrated in both
morning and afternoon tests a significant preference for the
odor combinations conditioned last, i.e., in the afternoons of
days 1 and 2 (Figures 3A and 3B; Table S1C). In Drosophila,
intense LL causes circadian arrhythmicity, which may affect
the fly’s ability to use temporal information as an additional
associative cue in appetitive conditioning [14, 15]. These re-
sults, therefore, suggest a role of the circadian clock in time-
odor learning.
CircadianClockMutants Fail to Demonstrate Time-Odor
Associations
To assess the role of the circadian clock in appetitive time-odor
learning, we tested the period null mutant per01 and the hypo-
morphic mutant allele clkAR of the clock gene [16–18]. Previous
investigations have demonstrated that period mutants are
compromised in LTM in courtship conditioning and aversive
long-term odor conditioning [19–21]. We therefore first had to
test the mutant flies for LTM in our appetitive olfactory paradigm.
per01 and clkAR flies showed significant 24-hr memory that was
comparable to that of WT CS flies (Figure 4A). We also tested
per01 and clkAR mutants in the reversal learning task and foundFigure 3. WT Flies Show Robust Time-Odor
Associations Independent of External Light
Cues
(A) CS flies kept in LD during training and then
transferred to DD cycles before testing, LD + DD
(p < 0.001), demonstrate robust time-related
appetitive memory. Also, flies trained and tested
when kept under DD conditions (DD +DD; p < 0.05)
show significant time-odor associations. In
contrast, flies kept under LL conditions for the
whole experiment (LL + LL; p > 0.05) display
significant expression of memory related to the
last training when tested in the morning and in
the afternoon (two-factor ANOVA; post hoc test
comparing morning and afternoon PIs associated
eriments are depicted as ‘‘training day’’ + ‘‘testing day’’ conditions.
st (DD + DD; p > 0.05), but not in LL (LL + LL; p < 0.01) show comparable DPIs
t hoc test for DPI comparison using LD + LD conditions as control).
PI or DPI measurement. Error bars represent SEMs.
9–1624, June 15, 2015 ª2015 Elsevier Ltd All rights reserved 1621
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Figure 4. Circadian ClockMutants per01 and
clkAR Are Unable to Show Time-Specific
Appetitive Memory
(A) Circadian clock mutants, per01 and clkAR,
perform as well as WT CS flies when tested for
24-hr LTM in an appetitive conditioning paradigm
(per01 [p > 0.05] and clkAR [p > 0.05]; one-factor
ANOVA; post hoc test for comparing PIs using CS
flies as control).
(B) Mutants per01 and clkAR display comparable RL
in comparison to CS flies (per01 [p > 0.05] and clkAR
[p > 0.05]; one-factor ANOVA; post hoc test for PI
comparison using CS flies as control).
(C and D) per01 and clkAR mutants kept in LD
conditions are unable to demonstrate significant
appetitive learning when trained in a time-odor
association paradigm (per01 [p > 0.05] and clkAR
[p > 0.05]; two-factor ANOVA; post hoc test
comparing morning and afternoon PIs corre-
sponding to specific genotype. Accordingly, DPI is
significantly lower in circadian clock mutants
compared to CS flies (per01 [p < 0.01] and clkAR [p <
0.01]; one-factor ANOVA; post hoc test for DPI
comparison using WT CS flies as control).
(E and F) Circadian clock mutants kept in the LD
cycle during training and in DD conditions during
test show no appetitive memory in the morning and
afternoon. DPIs in per01 and clkAR mutants are not
significant. Differences to WT CS flies are highly
significant (p < 0.01; one-factor ANOVA; post hoc
test).
(G and H) per01 and clkAR mutants show significant
appetitive learning when maintained under DD +
DD during training and testing but are unable to
modulate their memory expression depending on
time of day (per01 [p > 0.05] and clkAR [p > 0.05];
two-factor ANOVA; post hoc test). Therefore, DPI
in per01 (p < 0.01) and clkAR (p < 0.01) mutants is
significantly lower compared to CS flies (one-factor
ANOVA; post hoc test).
Numbers in the data bars refer to the number of
experiments for the respective PI or DPI mea-
surement. Error bars represent SEMs.no significant difference in performance compared to WT CS
flies (Figure 4B).
We then trained the mutant flies in the time-odor paradigm,
testing their ability to form time-specific memories. Neither in
the morning nor in the afternoon did per01 and clkAR mutant flies
display appetitive learning (Figures 4C and 4D; Table S1D).
Evidently, they were unable to retrieve odor memories in a
time-specific manner.1622 Current Biology 25, 1619–1624, June 15, 2015 ª2015 Elsevier Ltd All rights reservedTo further understand the role of the
circadian oscillator(s) in time-odor
learning, we trained and tested per01 and
clkAR mutants in different environmental
light conditions. Flies were kept under
the LD cycle during the 2 days of training
and then transferred to DD conditions for
the test. They performed the same as
before under the LD + LD schedule (Fig-
ures 4E and 4F; Table S1E). No significant
memory was found (Figures 4C–4F).Surprisingly, mutant flies kept in DD (DD +DD) for all three exper-
imental days showed significant memory of the last training
condition, irrespective of whether they were tested in the morn-
ing or afternoon (Figures 4G and 4H; Table S1F). This result
resembles that obtained in WT CS flies kept in LL conditions
(LL + LL; Figure 3).
The circadian clock mutants, per01 and clkAR, generate signif-
icant memory of the odor/sugar association when trained in DD
but do not show it if trained under LD conditions. This shows that
the external zeitgeber (light) can have an influence on memory
performance. However, it is not enough for time-odor learning
in the mutants. As per01 and clkAR kept in DD conditions display
disrupted endogenous rhythms [16–18], our results suggest that
loss of endogenous rhythms in the mutants interferes with
time-odor learning and that under LD conditions, the zeitgeber
rhythm during training in addition interferes with retrieving the
memory of the most recent conditioning event. The last training
wins in the memory test only with arrhythmicity during training.
These findings may lead the search for the mechanism of time-
odor learning.
Conclusions
Our results show that among the insects, time-specific mem-
ories are not a specialty of central-place foragers. Insects in
general may remember the time of an event. Moreover, associa-
tions with time are not restricted to locations. Whether this can
be called a sense of time and how differentiated this so-called
‘‘sense’’ is needs to be further substantiated. The mechanism
of time-odor learning is now open to investigation. The findings
that the period and clock genes are involved and that time-
odor learning is abolished in LL suggest that the central circadian
clock may be part of this mechanism.
EXPERIMENTAL PROCEDURES
Animals
All fly stocks were from theWu¨rzburg stock collection. Stocksweremaintained
on standard cornmeal fly food at 25C and 60% relative humidity under
12:12 hr LD cycle (unless otherwise stated). Experimental flies were trans-
ferred to fresh vials 48 hr before behavioral tests. For appetitive conditioning
experiments, flies were starved for 14–18 hr in vials containing a thin layer of
1% agarose to prevent desiccation.
Behavior
The olfactory appetitive conditioning experiments were performed as
described previously [8, 9, 22]. In brief, 150–200 flies, 3–4 days old, were
starved for 14-18 hr and then trained to associate sucrose (US) with odor A
(CS+) for 2 min. Sucrose reward (US) was a filter paper soaked in saturated
sucrose solution and then dried. After a stream of clean air for 30 s, flies
were presented with a water-soaked and subsequently dried filter paper
(blank) plus odor B (CS) for 2 min, followed by another 30-s stream of clean
air. In reciprocal experiments, odor B and odor A were presented with su-
crose and blank, respectively. Memory was tested by presenting flies in a
T maze with odor A and odor B for 2 min. PI was calculated as the number
of flies selecting CS+ odor minus the number of flies selecting CS odor
divided by the total number of flies. Each PI is the average of PIs from recip-
rocal experiments with two odors swapped, thus eliminating non-associative
effects. We used two different combinations of odors: (1) MCH (1:100) and
OCT (1:80); (2) ETA (1:200) and IAA (1:100). All odors were diluted in paraffin
oil and presented in 15-mm diameter cups in the air stream.
In time-odor learning experiments, two groups of 150–200 starved flies
were trained simultaneously. Flies were presented with odor A with sucrose
and odor B without sucrose in the morning and odor B with sucrose and odor
A without sucrose in the afternoon. Flies were fed for an hour after last
training of the day to keep them alive. After 2 days of training, one group
of flies was tested for memory in the morning and the other group in the
afternoon in a T maze apparatus. Performance index (PItest) was calculated
as (mo  af)/(mo + af) with mo indicating the number of flies choosing the
odor used as CS+ in the morning and af indicating the number of flies
choosing the odor used as CS+ in the afternoon. To rule out non-associative
effects, we used odors A and B equally often as mo and af in the average
PItest. PI was calculated with respect to morning training, i.e., flies demon-Current Biology 25, 161strating memory corresponding to morning training will have positive PI,
while PI will be negative for flies showing memory corresponding to after-
noon training.
Statistical Treatment
All measurements in figures are presented as mean ± SEM. GraphPad Prism
6.0 was used to compare independent groups of data. Appetitive memories
were compared using Student’s t test. For time-odor learning, we used two-
way ANOVA followed by post hoc test for comparison between mean PIs
corresponding to morning and afternoon experiments. For DPI comparisons,
we employed one-way ANOVA followed by post hoc test. In graphs represent-
ing time-odor learning (bars displaying PI in morning and afternoon) and DPI,
asterisks denote relevant significance measured using Bonferroni’s test.
Statistical significance is demonstrated as ***p < 0.001, **p < 0.01, *p <
0.05, and non-significant (n.s.) p > 0.05.
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